INTRODUCTION
============

Narcolepsy is a chronic neurological sleep disorder of rapid eye movement (REM) sleep, non-REM (NREM) sleep, and of the sleep-wake cycle, characterized by excessive daytime sleepiness, sudden loss of muscle tone (cataplexy), sleep paralysis, hypnagogic hallucinations, and disturbed night sleep.[@B1][@B2] Narcolepsy is diagnosed by clinical history taking, polysomnography (PSG), multiple sleep latency test (MSLT), and hypocretin (Hcrt) levels in the cerebrospinal fluid.[@B3] The international classification of sleep disorders, second edition (ICSD-II) provides the following diagnostic criteria for narcolepsy: sleep latency of less than 8 minutes, two or more sleep-onset REM periods (SOREMPs) seen on MSLT following sufficient nocturnal sleep (minimum 6 hours) during the night prior to testing.[@B3] PSG not only makes it possible to identify the macroscopic structures of sleep such as sleep stages and SOREMPs, but also enables behavior and movement to be monitored during sleep. However, PSG alone cannot provide detailed pathophysiological information about specific sleep disorders.[@B4][@B5]

Previous PSG studies on narcoleptics mainly focused on NREM and REM sleep abnormalities such as reduced REM and NREM sleep latency, increased micro-arousal during sleep, increased sleep-wake sleep transition, increased wake time after sleep onset (WASO), and an increased NREM 1st stage.[@B6][@B7][@B8] Recent studies have focused on pathophysiology, new diagnostic tools, treatments, and relationships with other sleep disorders using sleep electroencephalogram (EEG) spectral analysis.[@B9][@B10][@B11][@B12] Spectral analysis of EEG has also been used to evaluate detailed quantitative and temporal changes in EEG frequency bands.[@B13]

EEG spectral analysis of PSG provides a means of quantifying certain wave shapes over time by applying Fourier transformation to brain wave signals.[@B14] The technique might be particularly useful for identifying the functional abnormalities of narcolepsy because it provides information about the distributions and strengths of certain brain wave shapes during sleep.[@B4] Mukai et al.[@B15] analyzed PSGs of eight drug-naïve narcoleptic patients and eight age-matched controls and found that while normal controls showed a significant decline in delta power during night sleep, narcoleptic patients did not. Studies on the spectral analysis of sleep EEGs have focused mainly on slow wave activity (SWA) to date. SWA has a frequency similar to those of delta activity and prominently appears in slow wave sleep (SWS). SWA increases after prolonged prior wakefulness and decreases after sleep onset, that is, SWA has been reported to be positively correlated with human sleep needs.[@B16]

Narcolepsy has been reported to be associated with impairment of the SWA mechanism in the brain. The reduction of overall SWA, low SWA during NREM sleep, and frequent awakening during sleep have been related to non-restorative, low quality sleep in narcoleptic patients.[@B17][@B18]

This study investigated the detailed sleep structures and EEG frequency band abnormalities of narcolepsy through analyzing comparing the PSG data of narcolepsy patients and their age and sex matched controls.

METHODS
=======

Participants
------------

We have retrospectively recruited 28 patients first diagnosed with narcolepsy through NPSG and MSLT from July 1st 2010 to June 30th 2015. Individuals with a comorbid psychiatric disease such as depressive disorder, bipolar disorder, ADHD, drug or alcohol abuse; those taking psychiatric drugs (e.g., antidepressants, mood stabilizers, or stimulants); those with thyroid disease; or a neurologic disease (e.g., epilepsy); and those with other sleep disorders (e.g., obstructive sleep apnea, REM sleep behavioral disorder) were excluded. Children and adolescents (≤19 years old) were also excluded. Those who disagreed with the use of PSG data or did not submit informed consent were also excluded. Finally, seven narcolepsy patients were included (five males, two females) with a mean age of 26.10±1.48 years.

An age and sex matched control group was also recruited from January 1st 2015 to June 30th 2015. As done for the narcolepsy group, individuals with a psychiatric disease, a substance abuse issue, or medical or neurological disease were excluded. Accordingly, the mean age of the seven controls (five males, two females) was 25.90±1.68 years. The study protocol was reviewed and approved by the Institutional Review Board of Yeungnam University Hospital. All participants provided informed consent after being informed of the purpose and procedures of this study.

Polysomnography and EEG spectral analysis
-----------------------------------------

PSG data of the participants were saved in digital form at a sampling rate of 200 Hz. PSG include an EEG to measure brain activity, an electromyography to observe muscle movements (lower jaw and legs), electrooculography to measure the movements of both eyeball, sensors to check air flow through the mouth and nose, breathing efforts in the chest and abdomen, a sensor to measure blood oxygen saturation, and an electrocardiograph to check heart activity.[@B19] In this study, EEG electrodes were attached to the C3/A2, O2/A1 regions according to the international 10--20 system of electrode placement.[@B20] Scoring of the sleep stage was performed by a psychiatrist who majored in sleep medicine according to an internationally authorized sleep scoring system.[@B21] For PSG, the Comet-PLUS PSG system and Twin® PSG software by Grass-Technologies (Astro-Med, Inc., West Warwick, RI, USA) were used.

The C3/A2 brain wave was used for spectral analysis of the sleep EEG. After checking the stage of sleep, all NREM brain activity was analyzed. Signals were conditioned using AS40-PLUS amplifiers with low cut filter set at 0.3 Hz for EEG, 3.0 Hz for EOG, and 0.03 Hz for EMG recordings. The EEG epoch with too much artifact was excluded.

We defined an NREM-REM sleep episode to identify the characteristics of brain activity in each sleep cycle. The NREM-REM sleep episode was defined from the start of one NREM-REM episode to the start of the next, as proposed by Feinberg and Floyd.[@B22] In addition, the minimum duration of NREM and REM sleep was respectively defined as 15 minutes and 5 minutes.

We obtained and analyzed EEG data for four sleep cycle from the patients with narcolepsy and controls. Complexity software designed by Laxtha was used to generate brain wave spectra.[@B23] Absolute powers (expressed as µV^2^) of EEG frequency band were determined using a Fast Fourier Transformation. First, total band power was calculated by adding frequency band powers. Next, the relative power of each band was calculated by dividing band power by total band power. Frequency bands were classified as delta (0.5--3.9 Hz), theta (4--7.9 Hz), alpha (8--13.9 Hz), or beta (14--30 Hz). Delta and theta activity were compared by NREM sleep cycles between narcolepsy patients and controls.

Statistical analysis
--------------------

Data were analyzed using IBM SPSS version 19.0 (IBM Co., Armonk, NY, USA). Statistical significant was defined as p\<0.05. The Mann-Whitney U test was used to compare sex, age, PSG parameters, and relative power changes in NREM sleep cycles. Wilcoxon sign rank test was used to compare relative powers of NREM sleep cycles between two groups.

RESULTS
=======

Demographical characteristics and sleep parameters
--------------------------------------------------

Age and sex distribution were similar in the narcolepsy and normal control groups. In the comparison of PSG parameters, REM sleep latency in the narcolepsy group (41.00±19.01 min) was significantly shorter than the control group (136.36±13.62 min) (p\<0.05). Other parameters such as total sleep time, sleep efficiency, sleep latency, wake after sleep onset, and distributions of sleep stages were not significantly different between the two groups ([Table 1](#T1){ref-type="table"}).

EEG spectrum analysis among sleep cycles
----------------------------------------

First, we compared the total powers of delta and theta activity of two groups. In comparison of the delta power of the first NREM period, the power in the narcolepsy group (0.76±0.02) was significantly lower than the control group (0.83±0.01) (p\<0.05). On the other hand, the theta power of the narcolepsy group (0.15±0.01) was significantly higher than that of the control group (0.10±0.01) (p\<0.05). For the second NREM sleep period, theta power in the narcolepsy group (0.18±0.01) was significantly higher than the control group (0.13±0.00) (p\<0.05). For the third and fourth NREM sleep periods, no difference was seen in the delta and theta power between the two groups. Next, we compared the difference of delta and theta activity by sleep period in each group. In the narcolepsy group, delta wave activities in the second and third NREM periods were significantly lower than those of the first NREM period. Meanwhile, in the control group, delta activities in the second, third, and fourth NREM period were significantly lower than those of the first NREM period (p\<0.05). In the narcolepsy group, theta activities in the second and third NREM periods were significantly higher than those of the first NREM period. In the control group, theta activities in the second, third, and fourth NREM period were significantly higher than those of the first NREM period (p\<0.05) ([Table 2](#T2){ref-type="table"}).

DISCUSSION
==========

In this study, we investigated delta and theta activity differences between narcolepsy patients and normal controls using EEG spectrum analysis. The major finding of this study is that while the decrease in delta activity in the control group lasted from the first to fourth NREM episodes, the decrease only occurred from the first to third NREM episodes in narcolepsy group. There have been similar results in previous studies. In a study of 11 drug-naïve patients with narcolepsy-cataplexy and 11 matched controls, Khatami et al.[@B18] reported that progressive decay of the power density of the 0.75--3.75 Hz band in narcolepsy group did not occur.

Guilleminault et al.[@B17] also reported that delta activity continuously reduced from the beginning to the end of sleep in a control group but not in a narcolepsy group. It can be assumed that narcolepsy patients are likely to have a certain kind of delta activity related sleep-disturbance mechanism in NREM sleep.[@B15][@B17]

In this study, there was a difference in NREM theta activity between the two groups. While the increase in theta activity in the control group lasted from the first to fourth NREM episodes, the increase only occurred from the first to third NREM episodes in the narcolepsy group. There have not been sufficient studies regarding the difference in theta activity of narcolepsy patients and controls so far. A study conducted by eight drug-naïve narcoleptic patients and age-matched normal volunteers reported that while the control group showed a significant theta band increase through the sleep cycle, narcoleptic patients did not show this increase.[@B15] The precise mechanism of the theta band change through the sleep cycle is not yet known. It is possible that high amplitude theta wave burst might relate to Hcrt deficiency, one of the major pathophysiology of narcolepsy.[@B24] Additional studies are necessary to elucidate this.

The next finding of this study was that narcolepsy patients showed reduced REM sleep latency. This finding is also consistent with other studies. Vernet and Arnulf reported that REM sleep latency was reduced in a narcolepsy group regardless of sleep time.[@B25] Mukai et al.[@B15] also reported a significant reduction in REM sleep latency in narcoleptic patients despite no differences in total sleep time, sleep efficiency, and stage REM sleep. Short REM latency is a frequent and specific finding in narcolepsy, and 30--40% of patients have SOREMP as identified by nocturnal PSG.[@B26]

This study has some limitations. First, the sample size was small, and thus, we could not subdivide narcolepsy patients into two types (narcolepsy with cataplexy and without cataplexy). For this reason, the generalizability of the results is limited. Further, more detailed studies, with larger narcolepsy patient groups, are required in the future. Second, there was a difference between the period when NPSG was conducted with patients and the recruited control group. While the NPSG data of narcolepsy patients were retrospectively collected from July 1st 2010 to June 30th 2015, the NPSGs of the control group were conducted from January 1st to June 30th in 2015. This may lead to a limitation of the interpretations of the results of the study because of the different time periods. Regardless of these limitations, this study suggested the possibility that the change in NREM delta and theta activity during nocturnal sleep of narcolepsy patients differed from the control group, and these differences might be related to pathophysiology of narcolepsy.
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###### Polysomnographic parameters of the study subjects
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^\*^p\<0.05. SEM: standard error of the mean, REM: rapid eye movement

###### Comparison of total power of frequencies in narcoleptic patients group over NREM sleep periods
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^\*^p value of comparisons between two groups using Wilcoxon Sign Rank Test, ^†^p value of comparisons between the first NREMP and the second, third and fourth NREMP. NREMP: non-rapid eye movement period, SEM: standard error of the mean, Delta (0.5--3.9 Hz), Theta (4--7.9 Hz)
